Introduction
============

Breast cancer is the leading cause of women death with greater than 1,300,000 new cases and 450,000 deaths each year worldwide [@B1]. Breast cancer can be classified as ERα+, HER2+ and triple negative breast cancer (TNBC) based on the expression of ERα, progesterone receptor (PR) and human epidermal growth factor receptor-2 (HER2) [@B2]. TNBC lacks expression of ERα, PR and HER2. Since there is no targeted therapy available for TNBC, TNBC patients show poorer prognostic outcomes compared with ERα+ and HER2+ breast cancer patients [@B3]. Although clinical outcomes of ERα+ and HER2+ breast cancer patients have been greatly improved with anti-ERα and anti-HER2 therapies respectively, the cure rate of ERα+ patients is limited by drug resistance, poor clinical responses to current targeted drugs and tumor recurrence during treatment [@B4], [@B5]. Take tamoxifen (a widely used anti-ERα drug) as an example, almost 50% of ERα+ breast cancer patients do not respond to tamoxifen, even patients with initial response eventually develop tamoxifen resistance, leading to tumor progression and patient death [@B6]. Thus, discovering effective therapies on TNBC and target-drug-resistant ERα+ breast cancer is a major challenge during treatment of breast cancer.

Heat shock protein 90 (HSP90) and Histone deacetylase 6 (HDAC6) are considered to be promising targets for cancer therapy [@B7]. Under physiological condition, HSP90 serves as a molecular chaperone that is crucial for the stability and function of numerous proteins to maintain cellular protein homeostasis and cell survival [@B8]. In tumor cells, HSP90 exhibits much higher ATPase activity compared to their counterparts in normal cells [@B9], and is important for the stabilities and functions of many oncogenic proteins [@B10]. Inhibition of HSP90 is likely to suppress multiple oncogenic signaling pathways simultaneously, and is regarded as a promising anti-cancer strategy [@B11]. HDAC6, an unique deacetylase in HDAC family, exhibits cytoplasmic localization and ability to de-acetylate HSP90 [@B12]. Inactivation or knockdown of HDAC6 led to HSP90 hyper-acetylation and loss of HSP90 chaperone activity [@B13]. However, it\'s still unclear whether and how anti-HSP90 and anti-HDAC6 strategy can be applied in treatment of breast cancer.

In current study, we found that although HSP90 inhibitor 17-DMAG reduced the viabilities of all investigated breast cancer cells, TNBC cells were much more sensitive to 17-DMAG than T47D, an ERα+ breast cancer cell line. Elevated HDAC6 expression level was observed in T47D in comparison with TNBC cells. As expected, T47D was more sensitive to HDAC6 inhibitor Tubacin treatment than TNBC cells did, and treatment of 17-DMAG in combination with Tubacin showed synergetic effects on T47D. Interestingly, tamoxifen-resistant T47D (T47D-TAR) cells exhibited elevated HDAC6 compared to its parental T47D cells. Tubacin shows effective anti-cancer effect on investigated tamoxifen-resistant breast cancer cells *in vivo.* Taken together, our data provided important clues for precision treatment of breast cancer using anti-HSP90 and anti-HDAC6 strategies.

Material and methods
====================

Cell culture and reagent
------------------------

BT549 and Hs578T cell lines were obtained from American Type Cell Collection (ATCC) in 2012, MDA-MB-231 was bought from ATCC in 2014. MCF7 and T47D were kind gifts from Dr. Tao Zhu. All were authenticated via the short tandem repeat (STR) typing in 2015, and used within 6 months of receipt or after cell authentication for current study. BT549, Hs578T cell lines were cultured in Dulbecco\'s modified essential medium (DMEM) (Life Technologies, Carlsbad, CA) , MCF7 and T47D cells were grown in RMPI 1640 medium in 37℃ incubator supplemented with 5% CO~2~. The Tam-resistant cell line T47D-TAR cell line was generated by exposing T47D to tamoxifen (1μM) for \> 12 months. ERα was significantly decreased in T47D-TAR cell line compared with its parental cells, indicating the loss of ERα function in T47D-TAR [@B14]. T47D-TAR was then maintained in RMPI 1640 supplemented with 1μM tamoxifen. MDA-MB-231 cells were grown in Leibovitz\'s L15 mediumin 37℃ with no CO~2~. All cell lines were supplemented with 10% fetal bovine serum (HyClone, NY, USA) and 1% penicillin-streptomycin solution (Life Technologies). 17-DMAG, Tubacin, fulvestrant were purchased from Selleck Chemicals, and tamoxifen was bought from Sigma-Aldrich.

RNA interference
----------------

ERα siRNA pool or control siRNA (Santa Cruz Biotechnology, Dallas, TX) was transfected into T47D using LipofectamineRNAi MAX (Invitrogen), remained for 72 hours and then subjected to protein or RNA extraction.

For YAP silencing, all cell lines were first seeded in 96-well plate, then transfected with control siRNA or YAP siRNA1 or YAP siRNA2 (GenePharma, Shanghai, China) by LipofectamineRNAiMAX (Invitrogen), sustained for 72 hours.

Tamoxifen and fulvestrant treatment
-----------------------------------

T47D cells were seeded in 6-well plates and cultured in phenol red-free medium without serum overnight. On the next day, the medium was removed and replaced with phenol red-free medium containing 10nM E2 (Sigma-Aldrich) with or without 1μM tamoxifen and 0.1μM fulvestrant for 24 hours.

Cell viability assay
--------------------

The anti-proliferative effect of YAP siRNA, 17-DMAG and Tubacin was evaluated using CCK-8 kit (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer\'s instructions. Briefly, cells were seeded in 96-well plate with DMSO or various concentrations of drugs for 72 hours. After that, 10ul CCK-8 solution was added into each well in 96-well plate, sustained for 2 hours, and absorbance at 450nm was measured to reflect cell viability.

Cell cycle and cell apoptosis assay
-----------------------------------

For the cell cycle assay, cells were harvested by trypsinization and fixed with 70% ethanol at 4°C overnight. Cells were then stained with propidium iodide and the cell cycle distribution was analyzed using a BD FACSCalibur flow cytometer (BD Biosciences). Cell apoptosis assay was performed using Annexin-V/Dead Cell Apoptosis Kit (Invitrogen) and analyzed on a BD FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ).

Determination of synergism and IC~50~
-------------------------------------

The medium-effect method was applied to analyze the dose-response of single drug or drugs in combination. The synergistic effect of drugs in combination was determined according to the definition of Chouand Talalay [@B15]. Combination index (CI) was used to reflect the effects of two drugs at different concentrations. CI values of \<1, =1 and \>1 indicate synergistic, addictive and antagonistic effect respectively. Software compusyn (ComboSyn, Inc., Paramus, NJ) was used to calculate CI and IC~50~ (cells were inhibited to 50% compared with control group).

Western Blotting
----------------

Cells lysates were prepared using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) with protease/phosphatase inhibitor cocktail (cell signaling technology; Beverly, MA). Antibodies for YAP, phosho-YAP (Ser127), ERK1/2, phospho-ERK1/2 (Thr202/Tyr204), AKT, phospho-AKT (Ser473), ERα, HDAC6 and HSP90 were purchased from cell signaling technology (Beverly, MA). GAPDH mouse monoclonal antibody was obtained from Kangchen (Shanghai, China). Mouse monoclonal antibodies against acetylated α-Tubulin and α-Tubulin were from Sigma-Aldrich. Anti-mouse and anti-rabbit secondary antibodies were bought from Proteintech (Chicago, IL). Briefly, protein lysates were separated by SDS-PAGE, transferred to PVDF membranes, and immunoblotted with the respective antibodies as indicated above and in the figures. Blots were developed with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce/Thermo Scientific, Rockford, IL) and the images were obtained by ImageQuant LAS 4000 (GEhealthcare, Little Chalfont, England).

Immunofluorescence labeling
---------------------------

For immunofluorescence studies, T47D and MDA-MB-231 cells were cultured on glass slides in 24-well plates for 24 hours. Inhibitors were added into the well and cultured for another 24 hours. Prior to staining, the wells were washed with PBS, the cells were then fixed with 4% paraformaldehyde for 30 min, then permeabilized and blocked with 0.1% Triton X-100 in 1% BSA for 1h at room temperature. Mouse monoclonal anti-tubulin (Sigma-Aldrch) was used as primary antibody and Alexa Fluor 488 secondary antibody (Invitrogen) was employed to detect fluorescence. The nuclei were stained with DAPI (Vector Laboratories, Cambridgeshire, UK). Representative images were captured using the Leica DM5000 B microscope (Leica Microsystems, Buffalo Grove, IL).

Nocodazole-induced microtubule de-polymerization assay
------------------------------------------------------

MDA-MB-231 and T47D were cultured on glass slides in 24-well plates for 24 hours, and then treated with 0.1μM 17-DMAG or 1μM Tubacin or 0.1μM 17-DMAG and 1μM Tubacin for 24 hours. After that, cells were exposed to 3μM nocodazole for 2 hours. The cells were then fixed and processed for immunostaining.

Preprocessing of 46 breast cancer cell lines gene expression data
-----------------------------------------------------------------

We retrieved the expression data of 46 breast cancer cell lines from previously published work [@B16]. Comparison of HDAC6 expression between ERα+ breast cancer cell lines and Basal breast cancer cell lines was made by applying Graphpad.

Wound-healing assay
-------------------

Wound-healing assay was performed to evaluate cell migration activity. Cells were seeded onto the 12-well plates and grew towards confluence, wounds were made with 10ul tips. After washing with PBS for 3 times, the cells were then cultured in 1% FBS containing medium. The images were captured by a microscope (Carl Zeiss Meditec, Jena, Germany) at different time points. The wound areas were calculated employing Image Pro Plus 6.0 software (Media Cybernetics).

Immunohistochemistry
--------------------

Breast tumor samples were collected from patients surgically treated for breast cancer at Nanjing General Hospital of Nanjing Military Command between 2008 and 2012. This patient series included women aged from 25 to 82. Immunohistochemistry was performed using the Max Vision^TM^kit (Maixin Biotech, Fuzhou, China) following manufacturer\'s instructions. Briefly, all species were fixed with 10% formalin, embedded, re-waxed and rehydrated according to the standard procedures. Afterwards, antigen retrieval was achieved by heating with high temperature. 3% H~2~O~2~ was added to the slides to block the activity of endogenous peroxidase. The slides were then incubated with anti-YAP antibody for 1 hour at 37°C. After incubating with primary antibody, the slides were washed with PBS and incubated with secondary antibody for 30 minutes at room temperature. The signal was visualized by incubation of slides in DAB solution. Haematoxylin was used for nuclei visualization.

*In vivo* mouse model
---------------------

All animal experiments were conducted in accordance with the instructional standard guideline of Southeast University for animal experiments. Female athymic STOCK-Foxn1nu/Nju 4-week-old mice were obtained from Model Animal Research Center of Nanjing University. Upon tumor initiation, MDA-MB-231 (5×10^6^) or T47D-TAR (1×10^7^) cells were suspended in 100µl PBS and then mixed with 100µl Matrigel (BD Biosciences, Bedford, MA), after thorough mixing, cells were subcutaneously injected into the armpit of mice. For MDA-MB-231 tumor models, one week after implantation, animals were treated with either 17-DMAG (25mg/kg/2 days, i.p.) or PBS for 18 days (n=4 per group). On the other hand, T47D-TAR tumor models were administrated with Tubacin or PBS for 9 days (25mg/kg/2 days, i.p.) after 4 weeks of tumor growth (n=4 per group). The tumor size was measured using a caliper and tumor volume was calculated by the following formula:

Volume = 0.5 × Length × Width
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Statistical analysis
--------------------

All data were analyzed with Prism 5.0 (GraphPad Software Inc., San Diego, CA) and expressed as means ± SD. The differences between two groups were statistically analyzed using student\'s t-test, the differences were considered to be significant at a p-value\<0.05.

Results
=======

TNBC cells were more sensitive to HSP90 inhibition than T47D
------------------------------------------------------------

HSP90 inhibitor, 17-DMAG, inhibits the activity of HSP90 via binding with N-terminal domain of HSP90 [@B17]. After the determination of IC~50~of 17-DMAG in a panel of breast cancer cell lines, we found that TNBC cell lines (MDA-MB-231, BT549 and Hs578T) showed lower IC~50~ values than ERα+ breast cancer cell lines (MCF7 and T47D) (Table [1](#T1){ref-type="table"}). When TNBC cell lines (MDA-MB-231, BT549 and Hs578T) and an ERα+ breast cancer cell line (T47D) were subjected to cell viability assay upon 17-DMAG treatment, TNBC cell viability was strongly decreased, while T47D showed relatively moderate response (Figure [1](#F1){ref-type="fig"}A). Consistently, compared to T47D, upon 17-DMAG treatment, TNBC cells showed stronger cell cycle perturbation, increased cell apoptosis with increased PARP cleavage and stronger inhibition of cell migration (Figure [1](#F1){ref-type="fig"}B-E). Taken together, our results suggest that TNBC cells were more sensitive to HSP90 inhibition than ERα+ breast cancer cells.

T47D with elevated HDAC6 expression was sensitive to HDAC6 inhibitor Tubacin treatment
--------------------------------------------------------------------------------------

We found that HDAC6 expression was significantly elevated in ERα+ breast cancer cells compared with basal breast cancer cells by analyzing the expression data of 46 breast cancer cell lines [@B16] (Figure [2](#F2){ref-type="fig"}A). The elevated expression level of HDAC6 in T47D compared to those in TNBC cells was further confirmed at protein level (Figure [2](#F2){ref-type="fig"}B). As expected, compared to TNBC cells, T47D was more sensitive to HDAC6 inhibitor Tubacin treatment (Figure [2](#F2){ref-type="fig"}C). Inhibition of HSP90 could reduce ERα protein level in cancer cells [@B18], [@B19]. In T47D cell line, treatment of 0.1μM 17-DMAG in combination with 1μM Tubacin but not 0.1μM 17-DMAG alone was able to lead to a sharp decrease of ERα protein level (Figure [2](#F2){ref-type="fig"}D). These findings explained the observations that combination of HDAC6 inhibition and HSP90 inhibition treatment showed synergetic effects on T47D not TNBC cells (Figure [2](#F2){ref-type="fig"}E, Table [2](#T2){ref-type="table"}).

In investigated cell lines (MDA-MB-231 and T47D), HSP90 inhibition using 17-DMAG led to decrease of HDAC6 and increase of acetylated tubulin (Figure [3](#F3){ref-type="fig"}A, B), in comparison, HDAC6 inhibition using Tubacin increased acetylated tubulin more significantly (Figure [3](#F3){ref-type="fig"}B). Upon treatment of nocodazole, a known microtubule-depolymerizing agent, microtubules in both MDA-MB-231 and T47D were extensively depolymerized and accumulated at the periphery of the nucleus, while 17-DMAG and/or Tubacin antagonized nocodazole effects and stabilized microtubule network (Figure [3](#F3){ref-type="fig"}D-E). Migration abilities of MDA-MB-231 and T47D cells were largely repressed by 17-DMAG and Tubacin respectively (Figure [3](#F3){ref-type="fig"}C). Since HSP90 inhibition reduced cancer cell mobility through HDAC6 degradation and hyper-acetylation of tubulin [@B20], these findings indicate that inhibition of HSP90 and/or HDAC6 inhibited cell migration via inhibiting tubulin deacetylation to enhance microtubule stability. Unexpectedly, synergistic effect of 17-DMAG and Tubacin on cell migration was only observed in T47D but not MDA-MB-231 (Figure [3](#F3){ref-type="fig"}C). This observation might be due to the low expression level of HDAC6 in MDA-MB-231. Taken together, our data indicated that the relative insensitivity of 17-DMAG and sensitivity of Tubacin treatment in T47D might be due to the elevated expression of HDAC6 in T47D compared to TNBC cells.

Hippo pathway contributes to the anti-cancer effects induced by both HSP90 and HDAC6 inhibition
-----------------------------------------------------------------------------------------------

Our previous work has reported a crosstalk between ERK, AKT and Hippo pathways [@B21]. There was also a report which indicated that treatment of HSP90 inhibitor in TNBC cells would lead to inactivation of ERK and AKT pathways by decreasing the protein levels of several receptors [@B22]. In TNBC cells, p-ERK and p-AKT were strongly inhibited and YAP protein level was significantly decreased with 0.1μM 17-DMAG, while these events only can be observed in T47D, an ERα positive breast cancer cell line, when 1μM 17-DMAG was applied (Figure [2](#F2){ref-type="fig"}C). Compared to HSP90 inhibition, HDAC6 inhibition decreased YAP protein level with increased AKT and ERK activities (Figure [4](#F4){ref-type="fig"}A). YAP was overexpressed in tumors from both TNBCs and ERα+ breast cancer patients (Supplementary Figure [1](#SM1){ref-type="supplementary-material"}A-B & Supplementary Table [1](#SM1){ref-type="supplementary-material"}). Consistently, silencing YAP with siRNAs led to decrease of cell viabilities in both TNBC cells and T47D (Figure [4](#F4){ref-type="fig"}C and Supplementary Figure [2](#SM1){ref-type="supplementary-material"}). These results together suggested that higher susceptibility of AKT, ERK and Hippo pathway to HSP90 inhibition in TNBC cells contributes to higher sensitivity of TNBC cells to HSP90 inhibition compared to T47D, while T47D sensitive to HDAC6 inhibition via modulating Hippo pathway not ERK and AKT pathway.

Tamoxifen-resistance T47D (T47D-TAR) sensitive to HDAC6 inhibition via modulating Hippo pathway
-----------------------------------------------------------------------------------------------

HDAC6 was reported to be an estrogen-regulated gene and was positively regulated by estrogen in MCF7 [@B23]. Surprisingly, HDAC6 expression was increased upon treatment with either tamoxifen or fulvestrant, which are ERα antagonists (Figure [5](#F5){ref-type="fig"}A). In addition, silencing ERα with siRNAs in T47D also led to increase of HDAC6 expression level (Figure [5](#F5){ref-type="fig"}B). These results raised a possibility that T47D-TAR might show reduced expression of ERα and elevated expression of HDAC6 compared to its parental T47D. This hypothesis was confirmed with the observation of ERα and HDAC6 protein level in T47D-TAR compared to T47D (Figure [5](#F5){ref-type="fig"}D).

Interestingly, the elevated expression of YAP was also observed upon inhibition of ERα in T47D (Figure [5](#F5){ref-type="fig"}C), and in T47D-TAR compared to T47D (Figure [5](#F5){ref-type="fig"}D).

Taken together, our data suggested that elevated HDAC6 and YAP might contribute to the establishment of T47D-TAR cells, both HDAC6 and YAP inhibition could be regarded as promising strategy for treatment of tamoxifen-resistant breast cancer patients.

The data presented above herein supports a model whereby HSP90-HDAC6 regulating network involving Hippo pathway implicates precision treatment of breast cancer (Figure [6](#F6){ref-type="fig"}A-C). Xenograft mouse models further comfirmed that 17-DMAG and Tubacin effectively inhibited tumor growth of MDA-MB-231 and T47D-TAR cells respectively (Figure [6](#F6){ref-type="fig"}D-E).

In summary, based on our findings, it is recommended to consider anti-HSP90 strategy for patients with TNBCs, anti-HDAC6 strategy for ERα+ or tamoxifen-resistant breast cancers, anti-YAP strategy for patients with either TNBCs, ERα+ or tamoxifen-resistant breast cancers.

Discussion
==========

Targeted therapies are the foundation to achieve success in precision treatment of cancer patients [@B24]. Although targeted therapies have already improved clinical outcomes of breast cancer patients, TNBC patients are still lacking targeted therapies and treatments of ERα positive breast cancer patients are challenged with resistance or non-response to currently available targeted therapies [@B3], [@B25].

HSP90 and HDAC6, which play crucial roles in promoting oncogenesis via regulating a complex signaling network, were both suggested as promising targets for cancer therapies [@B7]. Although HSP90 inhibitors were implicated to show notable preclinical effects in the treatment of TNBCs [@B26], [@B27], and ERα+ breast cancer [@B28]. However, it\'s still unclear how to apply anti-HSP90 and anti-HDAC6 strategy in precision treatment of breast cancer. In the present study, we provided *in vitro* and *in vivo* evidences to show that anti-HSP90 strategy is more applicable for treatment of TNBC patients and anti-HDAC6 strategy might be recommended for ERα+ and tamoxifen-resistant breast cancer patients.

HDAC6 acetylated HSP90 to inhibit the chaperone function of HSP90 [@B29]. We found that inhibition of HSP90 led to decrease of HDAC6 protein level and both HDAC6 and HSP90 regulated microtubulin network stability via modulating the tubulin acetylation (Figure [3](#F3){ref-type="fig"}A-E). Our findings provided additional supporting evidences for the interplay between HSP90 and HDAC6.

Although both HSP90 and HDAC6 were believed to modulate AKT and ERK pathways, HSP90 and HDAC6 inhibition showed various even the controversial effects on AKT and ERK pathways in different malignant cell types. For HSP90, inhibition of HSP90 by 17-AGG led to inhibition of ERK and AKT pathways in colon adenocarcinoma cell lines [@B30], while inhibition of HSP90 by GA was reported to activate AKT in myoblasts [@B31] and ERK in Hela cells [@B32]. In our investigated breast cancer cell lines, we found that the effects of inhibition of HSP90 differed between TNBCs and T47D. Treatment of investigated breast cancer cells with 0.1μM 17-DMAG only triggered significant decrease of p-ERK and p-AKT in TNBC cells not T47D (Figure [4](#F4){ref-type="fig"}A). For HDAC6, silencing of HDAC6 prevents oncogenic Shp2-induced ERK hyper-activation in MDCK epithelial cells [@B33], HDAC6 inhibition leads to AKT de-phosphorylation and inactivation in U87MG glioblastoma and PC-3 prostate cancer cells [@B34], while HDAC inhibitor LBH589 treatment down-regulated HDAC6 and sustained ERK activation in LNCaP and PC-3 prostate cancer cells [@B35]. We discovered that inhibition of HDAC6 by Tubacin activated ERK and AKT via increasing p-ERK and p-AKT in T47D (Figure [4](#F4){ref-type="fig"}B).

Recent study indicated that inhibition of HSP90 inhibited Hippo pathway and activated YAP via depletion LATS1 and LATS2, two regulators of Hippo pathway [@B36]. We found that inhibition of HSP90 by 0.1μM 17-DMAG decreased YAP protein level in TNBCs but not T47D (Figure [4](#F4){ref-type="fig"}A), suggesting that compared to T47D, Hippo pathway are more sensitive to HSP90 inhibition in TNBC cells. To our knowledge, it\'s largely unknown whether inhibition of HDAC6 modulates Hippo pathway. We found that inhibition of HDAC6 in T47D led to decrease of YAP protein level, indicating the involvement of Hippo pathway in HDAC6 regulating network (Figure [4](#F4){ref-type="fig"}B). Taken together, although HSP90-HDAC6 regulating network involves ERK, AKT and Hippo pathway, involvement of these pathway in HSP90-HDAC6 regulating network differed between TNBCs and T47D. These findings might give reasonable explanations for the observation that TNBCs were more sensitive to HSP90 inhibition than T47D was. It\'s worth to mention, our study also indicated that YAP as an component of HSP90-HDAC6 regulating network might be a promising common target for TNBCs, ERα+ and tamoxifen-resistant breast cancers.

ERα was known to be a HSP90 client protein [@B19]. HDAC6 inhibition didn\'t affect ERα protein level in T47D. Unexpected, combination of HDAC6 and HSP90 inhibition triggered sharper decrease of ERα compared with single use of HSP90 inhibitor in T47D (Figure [2](#F2){ref-type="fig"}D). Since it was reported that deacetylated HSP90 is unable to bind its inhibitor [@B37], inhibition of HDAC6 might enhanced the effect of HSP90 inhibition on ERα via increasing the affinity of HSP90 to its inhibitor. These observations might also explain the synergetic effect of HDAC6 inhibition in combination with HSP90 inhibition in T47D (Figure [2](#F2){ref-type="fig"}E, Table [2](#T2){ref-type="table"}).

Since tamoxifen is the most commonly drug for treatment of ERα+ breast cancer patients, and resistance-resistance is an important and common problem during clinical treatment of ERα+ breast cancer patients [@B25]. Besides ERα mutations [@B38], alteration of expression and/or activity of co-activators and co-repressors, which play pivotal roles in mediating transcriptional activation by ERα, may also contribute to tamoxifen resistance [@B39]. Although co-activator SRC-1 overexpression and NCoR down-regulation were suggested to contribute to tamoxifen resistance, no evidence was reported in breast tumors from tamoxifen-resistant patients [@B40]. ERα could not function if it was isolated from other signaling pathways, and numerous studies have validated the cross-talk between ERα and signaling pathways, including EGFR/HER2, MAPK/ERK and PI3K pathways. In current study, the expression of HDAC6 and YAP were found to be increased upon tamoxifen treatment in T47D, and T47D-TAR also exhibited elevated HDAC6 and YAP expression (Figure [5](#F5){ref-type="fig"}C, D). These results indicated that alteration expression of HDAC6 and YAP upon tamoxifen treatment might contribute to the induction and establishment of tamoxifen-resistance. Inhibition of HDAC6 and knockdown of YAP can be considered during treatment of tamoxifen-resistant breast cancers.

In conclusion, our current study extended the HSP90-HDAC6 regulating network and provided valuable information for precision treatment of breast cancer via targeting HSP90-HDAC6 regulating network.
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![**Effects of HSP90 inhibitor 17-DMAG treatment on A.**cell viability, **B.** cell cycle, **C.** apoptosis, **D.** cleavage of PARP, **E.** cell migration of breast cancer cells. Each group was compared with control group, \*P\<0.05.](ijbsv13p0505g001){#F1}

![**Analysis of HDAC6 expression in breast cancer cells and their sensitivity to HSP90 and/or HDAC6 inhibition A.**Comparison the expressions of HDAC6 mRNA in ERα+ breast cancer cells to those in basal breast cancer cells. **B.**Comparison the expressions of HDAC6 protein in ERα+ breast cancer cells (T47D) to those in TNBC cells (MDA-MB-231, BT549 and Hs578T). **C.**Upon 0.1μM and 1μM HDAC6 inhibitor Tubacin treatment for 72 hours, ERα+ breast cancer cells (T47D) showed stronger reduction of cell viability than TNBC (MDA-MB-231, BT549 and Hs578T) cells did.**D.**HDAC6 inhibition enhanced decrease of ERα in T47D towards HSP90 inhibition. **E.** Effects on cell viabilities of breast cancer cells upon inhibition of HSP90 or HDAC6 or both HSP90 and HDAC6. Each group was compared with control group, \*P\<0.05.](ijbsv13p0505g002){#F2}

![**Effects on microtubule cytoskeleton network stabilization of breast cancer cells upon inhibition of HSP90 or HDAC6 or both HSP90 and HDAC6. A.** Treatment of 0.1μM 17-DMAG for 24 hours decreased HDAC6 protein level in both ERα+ breast cancer cells and TNBC cells. **B.** Inhibition of HSP90-HDAC6 with 0.1μM 17-DMAG and 1μM Tubacin increased tubulin acetylation synergistically. **C.** HSP90/HDAC6 inhibition with 0.1μM 17-DMAG and 1μM Tubacin decreased cell migration in both ERα+ breast cancer cells and TNBC cells. **D/E.** Analysis and comparison the effects on microtubule cytoskeleton stability in breast cancer cells upon inhibition of HSP90 or HDAC6 or both HSP90 and HDAC6. Each group was compared with control group, \*P\<0.05.](ijbsv13p0505g003){#F3}

![**Effects on ERK, AKT and Hippo pathway in breast cancer cells upon inhibition of HSP90. A.**Investigation of AKT (p-AKT), ERK (p-ERK), and YAP (p-YAP) levels in TNBC cells and ERα positive breast cancer cells upon 0.1μM and 1μM HSP90 inhibitor 17-DMAG treatment. **B.**Inhibition of HDAC6 with 1μM Tubacin led to a decrease of YAP with an increase in tubulin acetylation, AKT and ERK phosphorylation. **C.**Effects on cell viability of breast cancer cells upon YAP silencing using siRNAs. Each group was compared to control group, \*P\<0.05.](ijbsv13p0505g004){#F4}

![**Effects on HDAC6 expression in breast cancer cells upon inhibition or depletion ERα and in tamoxifen-resistant breast cancer cells A.** Inhibition of ERα with 1μM tamoxifen or 0.1μM fulvestrant for 24 hours up-regulated HDAC6 at protein level in ERα positive breast cancer cells. **B.** Silencing ERα with siRNA elevated HDAC6 protein levelin ERα+ breast cancer cells. **C.** Inhibition of ERα with 1μM tamoxifen or 0.1μM fulvestrant for 24 hours elevated YAP expression at protein level. **D.** Higher HDAC6 and YAP expression with lower ERα and acetylated tubulin in T47D-TAR cells compared to those in their parental T47D cells.](ijbsv13p0505g005){#F5}

![**Proposed model for the mechanism of HSP90-HDAC6 regulating network and implication in breast cancer treatment A-C.** Proposed molecular mechanism driving breast cancer cells sensitive to HSP90 inhibition and HDAC6 inhibition. **D.** HSP90 inhibitor 17-DMAG inhibited tumor growth in TNBC cell xenograft mouse model. **E.** HDAC6 inhibitor Tubacin inhibited tumor growth in tamoxifen-resistant breast cancer cell xenograft mouse model. Each group was compared with control group, \*P\<0.05.](ijbsv13p0505g006){#F6}

###### 

The IC50 value for 17-DMAG in ERα+ BC and TNBC cell lines

            Cell line    IC~50~(nM)
  --------- ------------ ------------
  ERα+ BC   T47D         327.7
            MCF7         119.8
  TNBC      MDA-MB-231   45.7
            BT549        17.1
            Hs578T       8.4

###### 

Combination of HDAC6 and HSP90 inhibition showed synergistic effect on ERα+ BC T47D cells

  Cell line   17-DMAG (µm)   Tubacin (µm)   CI     Effect
  ----------- -------------- -------------- ------ -----------
              0.05           1              1.06   Addictive
  T47D        0.10           1              0.62   Synergism
              0.25           1              0.45   Synergism
              0.50           1              0.60   Synergism
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